Rainwater samples were collected from rainwater harvesting (RWH) systems at seven sites located in a 30 km radius around the City of Guelph in Ontario, Canada. From October 2006 to October 2007, a total of 360 samples were collected from two sampling locations-the rainwater cistern and at the point of use-and analysed for pH, turbidity, colour, total and fecal coliforms, total organic carbon, total nitrogen and UV absorbance (254 nm). Additional parameters, including polycyclic aromatic hydrocarbons, total metals, Campylobacter and Legionella were examined in selected samples. Following data collection, statistical analysis was performed to investigate the factors that influenced rainwater quality. The results of the quality assessment programme were largely consistent with those reported by several other researchers, with the exception of improved microbiological quality during periods of cold weather. Total and fecal coliforms were detected in 31% and 13% of the rainwater samples, respectively, while neither Campylobacter nor Legionella were detected above 1 CFU/100 ml detection limits. The results indicate that, while quality can be expected to vary with environmental conditions, the rainwater from a RWH system can be of consistently high quality through the selection of appropriate catchment and storage materials and the application of post-cistern treatment.
INTRODUCTION
Rainwater harvesting (RWH) is the ancient practice of capturing rain runoff from roofs and other surfaces and storing it for a later purpose. Issues such as urban growth, limited water supplies, ageing stormwater infrastructure and environmental sustainability have prompted a renewed interest in the practice, which has become common in countries such as Germany and Australia. One of the primary areas of concern regarding the use of rainwater, for either non-potable or potable applications, is quality. The quality of water collected in a RWH system is affected by many factors, including:
1. Environmental conditions such as proximity to heavy industry or major roads, the presence of birds or rodents (Fö rster 1998; Taylor et al. 2000) .
2. Meteorological conditions such as temperature, antecedent dry periods, and rainfall patterns (Evans et al. 2006) .
3. Contact with a catchment material and the dirt and debris that are deposited upon it between rainfall events (Simmons et al. 2001; Van Metre & Mahler 2003) .
4. Treatment by pre-cistern treatment devices such as filtration or first-flush diversion (Yaziz et al. 1989; Martinson & Thomas 2005) .
5. Natural treatment processes taking place within the rainwater cistern (Scott & Waller 1987; Spinks et al. 2003a ).
6. Treatment by post-cistern treatment devices such as particle filtration, ultraviolet disinfection, chlorination, doi: 10.2166/aqua.2009.013 slow sand filtration or hot water systems (Coombes et al. 2000 ; Kim et al. 2005; Ahammed & Meera 2006; Sazakli et al. 2007) .
As part of a research and development project aimed at encouraging rainwater harvesting in Ontario, a one-year rainwater quality assessment programme was initiated with the objectives to: (i) assess the quality of rainwater from RWH systems located in the Southern Ontario region of Canada; and (ii) investigate the impact of factors such as contact with a catchment surface, storage in a rainwater cistern, weather (temperature and rainfall patterns), seasonal variation, post-cistern treatment and site environment on the quality of harvested rainwater. The findings are used to comment on the suitability of using harvested rainwater for non-potable purposes.
BACKGROUND
Environmental conditions such as the presence of atmospheric pollutants, overhanging foliage and bird debris can contribute to the contamination of rainwater; however, these factors are site specific and independent of the design of the RWH system itself. While such factors are difficult to control, several features of the RWH system also affect water quality. Catchment material, storage material and treatment are three design considerations that can be optimized to maximize water quality.
Catchment material
Contamination from roof surfaces can come from two main sources. Particles can accumulate on the roof surface either from direct atmospheric deposition, or from overhanging foliage or bird and rodent debris. Alternatively, the roof material itself continuously degrades and can contribute both particulate matter and dissolved chemicals to runoff water. While the former is largely site specific, the impact of different roof materials is fairly consistent regardless of location.
Metal roofs are often associated with the leaching of trace elements, detected in the dissolved form in the runoff itself and adhered to the particulate matter washed from the roof. Fö rster (1996) reports a threefold increase in the concentration of dissolved and particulate copper from copper flashings, compared with both pure rainwater and runoff collected from clay or concrete tiles. A similar trend is shown for zinc concentration in runoff from a zinc sheet roof and, to a lesser degree, from zinc gutters. Van Metre & Mahler (2003) compared galvanized metal roofs with asphalt roofs and also found metal roofs to be a greater source of both zinc and cadmium contamination, while asphalt was associated with higher levels of lead and possibly mercury. In contrast, Hart & White (2006) found no significant difference between concentrations of lead, zinc or copper in runoff from asphalt roofs and metal roofs, indicating a wide variation in results among similar roofbased studies.
Apart from metals, the leaching of polycyclic aromatic hydrocarbons (PAHs) from bitumen is another concern associated with asphalt shingles. While this has been observed under artificial and highly exaggerated laboratory conditions (Brant & de Groot 2001) , one study of runoff from existing buildings has shown no evidence that asphalt roofs are a source of PAHs (Van Metre & Mahler 2003) .
Other studies suggest that flat tar felt roofs, however, may be a more significant source due to the more prolonged contact with the tar (Fö rster 1999). In cases where the concentration of PAHs was higher in the roof runoff than in the precipitation itself, it has been suggested that, rather than leaching from the roofing material, the presence of adsorption sites on the roof surface sorbs PAHs from the air during dry periods (Fö rster 1999; Polkowska et al. 2002) .
Of the above studies, those based on asphalt shingles and flat tar roofs are most relevant to the Ontario context as these materials are the most common in the residential and industrial sectors, respectively.
Storage material
While roof surfaces are often viewed as a potential source of contamination for rainwater, cisterns can be seen as a means of treatment, offering a series of beneficial processes.
For example, as rainwater is often slightly acidic, the increase in pH caused by contact with a concrete tank is beneficial for the protection of the distribution system and the chemical quality of the water by minimizing the potential for leaching metals. In a study evaluating the quality of stored water in a concrete cistern, Scott & Waller (1987) report a rise in pH from 5.0 on the roof surface, to 9.4 in the tank and 10.3 from the tap. A similar trend was observed for alkalinity, calcium and potassium concentrations. Their study also suggests that a higher pH can inhibit coliform growth. During sampling over a two year period, coliform bacteria were only detected during periods of low pH.
Sedimentation also plays a primary role in reducing the contaminant load of stored rainwater. Spinks et al. (2005) observed that the concentrations of aerobic HPC (heterotrophic plate count) bacteria were 50-100 times higher in the sediment than in the water column. For lead, Spinks et al. (2005) found that this magnification of the concentration in the sediment was as high as 340,000 in some tanks. Scott & Waller (1987) expressed concerns regarding this sediment layer because of the potential for re-suspension by means of low cistern levels, thermal mixing or the turbulent influx of rainwater during a rainfall event. Others have found that the re-suspension of sludge was minimal, and easily mitigated with proper RWH system design (Spinks et al. 2005) .
While storage in cisterns is generally considered to enhance the quality of the rainwater, there is some concern over the potential for chemical leaching. Leaching of zinc from metal tanks was found to be significant in one study, but concrete or plastic tanks did not have any notable impact on the concentration of zinc, lead or copper (Hart & White 2006) . The leaching of organic compounds is a concern with plastic tanks; however many American and Canadian regulations now require that any materials used for potable water applications must comply with the NSF/ANSI 61 Standard (NSF 2007) . While this certification does not guarantee the absence of leached compounds, it ensures the material adheres to minimum established health effects requirements for any chemical contaminants or impurities that are imparted to the water (EPA 2002).
Treatment
To improve the quality of rainwater, a variety of treatment technologies have been developed to mitigate the contamination which takes place following contact with a catchment surface. One treatment technique popularized in Australia is the first-flush device, which is used to divert the first 0.8 -3.5 mm of rainfall from storage in the rainwater cistern (Martinson & Thomas 2005; TWDB 2005) . The rationale for these devices is the first-flush phenomenon reported in the literature, whereby the concentration of contaminants decreases exponentially during the first few millimetres of rainfall. This trend has been observed for a range of contaminants including suspended solids, PAHs, organic compounds and trace metals (Yaziz et al. 1989; Fö rster 1996; Shu & Hirner 1998; Fö rster 1999; Li et al. 2007) .
Following storage in a rainwater cistern, particle filtration and UV disinfection are other means by which rainwater can be treated. A study by Kim et al. (2005) examined the performance of 5 mm and 1 mm metal membrane filters (comparable to polymeric membrane filters) and UV disinfection on roof-harvested rainwater.
The Korean study observed a 50% reduction in the number of total coliforms for rainwater samples treated using a UV lamp, even at the low intensity of I UVA ¼ 5.4 W m 22 (Kim et al. 2005) . Filtration was also found to reduce the number of total coliforms by rejecting them at the membrane surface. A removal efficiency of 78% and .98% was achieved with 5 mm and 1 mm metal membrane filters, respectively. In addition to the rejection of biological organisms, 80% and 95% of the particles present in the rainwater were removed by the 5 mm and 1 mm metal membrane filters, respectively (Kim et al. 2005) .
Slow sand filtration is another method shown to be effective at improving the quality of rainwater. 166 CFU/100 ml, with 20 CFU/100 ml fecal coliforms (Coombes et al. 2000) . Another study showed a similar inactivation for Escherichia coli at sub-boiling temperatures. Monthly rainfall accumulations for the City of Guelph were roughly 40% higher than average during the period 
Site characteristics
While each of the sites that participated in the quality assessment programme was unique in some respects, surveys conducted at each site revealed that several characteristics were shared among sites (summarized in Table 1 ). Only two types of storage material were utilized, concrete and plastic, while steel and asphalt shingle were the two predominant catchment materials. There is also an even distribution between urban and rural sites. The RWH systems at these sites were between one and three years old, with the exception of Site 3, which had been in use for approximately eight years.
Table 1 also lists the applications for which rainwater was used at each site. The majority of the sites used rainwater to service, at minimum, toilet flushing and outdoor use, with two sites (Site 1 and Site 3) meeting nearly all household water demand with rainwater.
In general, the degree of treatment increased in proportion to the number of rainwater applications; the combination of particle filtration and UV disinfection was the most prevalent method of post-cistern treatment in the sites studied.
Sample collection and laboratory analysis
Two sampling mediums were used to collect the rainwater samples. A 1-l polypropylene Nalgene w bottle was used to collect rainwater for analysing pH, turbidity, colour, total and fecal coliforms; and a 250-ml amber glass bottle was used for total organic carbon (TOC), total nitrogen (TN) and UV-absorbance measurements. Prior to sampling, the Nalgene w bottles were rinsed with Milli-Q water and sterilized in an autoclave at 1218C at 15psig for 30 minutes. Figure 3 .
Also identified in Figure 3 is the location where the point-of-use (POU) samples were collected. These samples were collected from a hose bib or other suitable location downstream of the post-cistern treatment units employed at each site. To minimize time variability between samples, samples from all locations were collected on the same day and transported to the laboratory by car during a 6 -8 hour sampling period.
The following parameters were analysed throughout the quality assessment programme: pH, turbidity, colour, total coliforms, fecal coliforms, total organic carbon (TOC), total nitrogen (TN) and UV absorption (254 nm 
Statistical analysis
Statistical analysis of the rainwater quality data was performed using SAS w Ver. 9.1. Since none of the water quality parameters met the assumption of normality, a logarithmic transformation and the removal of a maximum of eight outliers from each parameter was sufficient to achieve normality in all but three cases. Total and fecal coliforms, which were highly skewed towards , 1 CFU/100 ml, as well as UV absorbance, failed to meet the assumption of normality.
For the parameters that were normally distributed, a mixed statistical model was used to determine whether the independent variables of site environment and post-cistern treatment had a statistically significant impact on rainwater quality. The effect of site environment was assessed by comparing the quality of cistern-stored rainwater between sites, whereas the treatment effect was detected by comparing the quality of the point-of-use samples with the quality of the cistern-stored samples. To determine whether cistern-stored rainwater quality varied over time (seasonal variation), the SAS w repeated function was utilized.
The influence of weather on cistern-stored rainwater quality was assessed utilizing site-specific temperature and rainfall data collected as part of this study and from Environment Canada (2007). Three weather-based parameters were placed into the SAS w mixed model statement as covariates: average temperature in the week prior to sample collection, total rainfall in the week prior to sample collection, and the total number of dry days before sample collection (the antecedent dry period).
To determine the effect of catchment material and storage material, sites were grouped by material in SAS w using contrast statements. Contrasts were used to compare the quality of rainwater stored in concrete cisterns with that of plastic cisterns, and the quality of cistern-stored rainwater collected from asphalt shingle roofs compared with steel roofs. To further investigate the effect of site environment, contrasts were also performed comparing the quality of rainwater in urban locations with that of rural locations.
A bivariate linear logistic regression model was used for total and fecal coliforms to analyse these parameters based on the presence or absence of coliforms. Similar to the mixed model, site, treatment, weather and the contrasts were included in the analysis. The level of statistical significance for all tests was set at a ¼ 0.05.
RESULTS AND DISCUSSION
The physicochemical and microbiological rainwater quality data are reported in Tables 2 and 3 , respectively.
From the data presented in Tables 2 and 3 Total coliforms were detected above 1 CFU/100 ml in 114 of the 360 cistern-stored (30%) and point of use rainwater samples collected throughout the quality assessment programme. The incidence rate for the detection of fecal coliforms was lower at 14%; 52 out of 360 samples had greater than 1 CFU/100 ml. The portion of samples with coliforms present ($ 1 CFU/100 ml) on a site-by-site basis is presented in Table 3 . As seen in the table, total and fecal coliforms ranged from , 1 (below detection limits)
to 400 CFU/100 ml. Despite this range, the geometric mean of the total and fecal coliforms was ,1 CFU/100 ml at each site, with the exception of Site 4, which had a geometric mean of 1 CFU/100 ml total coliforms.
The statistical analysis revealed several important trends, the first of which was the overall sensitivity of the water quality parameters to both the design aspects of RWH systems and environmental conditions. The influence of each factor on rainwater quality is discussed below. Due to the failure of UV absorption to meet the criteria for normality, this parameter is not specifically addressed; however, since a statistically significant correlation was found between UV absorption and TOC (Spearman's r ¼ 0.51), the trends observed for TOC are generally applicable to UV absorption as well. 
Catchment material
Nearly all water quality parameters (pH, turbidity, total organic carbon, total nitrogen and colour) were found to vary significantly based on the type of catchment material, either asphalt shingle or steel. In general, poorer quality was observed at sites utilizing asphalt shingle roofs for rainwater collection. This trend is shown using box-and-whisker plots for turbidity in 
Storage material
Storage material had a statistically significant ( p , 0.05) effect on fewer quality parameters (pH, turbidity, total organic carbon and colour) than catchment material. Of these parameters, pH was the most sensitive to the type of storage material. The variation in pH between sites with concrete cisterns and those with plastic cisterns is presented in Figure 5 .
The pH of rainwater stored in plastic cisterns tended to be slightly acidic. The minimum pH was 4.8 at Site 2, although the mean of all sites was higher at 6.5. Conversely, the rainwater at sites with concrete cisterns was more basic, with a mean of 7.7 and a maximum of 10.2 at Site 6. In general, the colour, turbidity and TN concentration of the cistern-stored rainwater tended to increase during dry periods, indicating that some aspects of rainwater quality, especially the colour, are more sensitive to rainfall or drought conditions than other water quality parameters, and will thus naturally vary to a great extent depending on climatic conditions. A significant relationship between temperature and the number of total and fecal coliforms was also discovered.
Since changes in temperature followed a seasonal trend, the effect of temperature on coliform counts shall be discussed within this context.
Seasonal variation
Differences of a statistically significant level were observed with all water quality parameters with respect to time (seasonal variation effect). Rainwater quality tended to improve following the summer months, with the highest quality rainwater detected during the winter. This trend was most evident with total and fecal coliforms, shown in Statistical analysis of the rainwater data provides some indication that the former of the above scenarios is most likely. Temperature had a highly significant effect ( p , 0.0001) on both total and fecal coliforms. While this finding on its own is inconclusive (i.e. was it from temperature, or from decreased animal activity in response to temperature?) when combined with the results from two additional statistical tests, temperature, rather than animal activity, seems to be the most important contributor to decreased coliform counts in the winter.
The first of these test results is the weak positive correlation between temperature and both total and fecal coliforms, estimated at 0.101^0.020 and 0.120^0.023, respectively. This correlation suggests that as the temperature increased, the presence of total and fecal coliforms at the sites tended to increase as well. The second set of supporting data is the failure to find a significant impact from the number of consecutive dry days, or the volume of rainfall in the week prior to sample collection, on the biological parameters. If bird or animal activity was the primary contributor to the presence of total and fecal coliforms, one would expect to see a significant correlation for either the antecedent dry period (during which time fecal deposits would accumulate) or the rainfall in the week prior to sample collection (an indicator of whether fecal material had been transferred to the cistern following a rainfall event).
Since neither of these tests was statistically significant, it suggests that temperature inside the cistern has a greater impact on the presence of total and fecal coliforms than did an external source such as bird or rodent debris. A statistically significant seasonal effect was also detected with the physicochemical parameters; however, unlike total and fecal coliforms, temperature was not the source of this variation, as this factor lacked significance.
The physicochemical parameters tended to follow the same trend as the total and fecal coliforms, with poorer quality rainwater observed during the summer and fall. This trend is presented in Figure 7 for the TOC concentration in cisternstored rainwater.
As seen in Figure 7 , the TOC concentration was especially poor during the summer, during which time the 
Treatment effect
The use of post-cistern treatment devices was found to have a significant impact on three water quality parameters: As seen in Figure 8 , turbidity decreased by roughly 20% at Site 2, 60% at Site 4, and 75% at Site 1 from the rainwater cistern to the point-of-use. These observations can be attributed to the use of particle filtration at each of these three sites. Site 2 and Site 4 both employed a 20 mm particle filter, whereas the higher removal efficiency at Site 1 was from the use of a slow sand filter. Site 3 and Site 6 also showed a decrease in turbidity, even though there was not the same degree of filtration used as the other sites. In the case of Site 3, the reduction in turbidity is most likely due to particle settling within the cistern itself. Particle settling probably improved turbidity at Site 6 as well, as did the use of a German-designed fine mesh filter installed on the pump inlet.
The reduction in the number of total and fecal coliforms Fö rster (1996, 1998) This relationship, however, was not found in this study.
Mercury was not detected above the 0.0001 mg l 21 detection limit at any of the sites employing asphalt shingles, or from the sites with steel roof surfaces.
Thus, although zinc levels from steel roofs were elevated compared with asphalt shingle roofs, the rainwater col- Further study is advised, however, due to the limited number of samples analysed in this study.
CONCLUSIONS
The physicochemical properties of rainwater were most influenced by the catchment and storage materials and site environment. Catchment surfaces employing steel roofs provided rainwater runoff of higher quality than did asphalt shingle roofs. The material properties of asphalt shingles may have contributed to poorer quality runoff, owing to the adsorption of atmospheric particulates deposited on the catchment surface between rainfall events. The pH of rainwater stored in plastic cisterns tended to be slightly acidic, whereas rainwater pH was slightly basic when stored in concrete. The quality of harvested rainwater appears to depend, in part, on the location in which RWH systems are operated. In some cases, site environment may have a detrimental impact on rainwater quality, as was observed at Site 4.
Season, temperature and extent of treatment had the greatest impact on the microbiological quality of the rainwater. During the summer and fall seasons total and fecal coliforms were detected in a greater proportion of samples, and were also detected in greater numbers. Postcistern treatment, by means of a 20 mm particle filter and UV disinfection, was shown to be effective at reducing the number of total and fecal coliforms and turbidity prior to use. Following post-cistern treatment, the number of samples with detectable levels of total and fecal coliforms was reduced, on average, by 96% and 97%, respectively. The average reduction in turbidity was 42%.
The absence of heavy metals, CCME PAHs, Legionella,
or Campylobater in any of the cistern-stored rainwater samples indicates that there is minimal risk associated with the non-potable use of harvested rainwater. While quality can be expected to vary with environmental conditions, the rainwater from a RWH system can be of consistently high quality through the selection of appropriate catchment and storage materials and the application of pre-and postcistern treatment.
